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We consider a simple extension of the Standard Model (SM) by a complex scalar doublet and a
singlet along with three sterile neutrinos. The sterile neutrinos mix with the SM neutrinos to produce
three light neutrino states consistent with the oscillation data and three heavy sterile states. The
lightest sterile neutrino has lifetime longer than the age of the Universe and can provide correct
dark matter relic abundance. Utilizing tree-level flavor changing interactions of a light scalar with
mass ∼ O(100) MeV along with sterile neutrinos, we can explain the anomalous magnetic moments
of both muon and electron, KOTO anomalous events and the MiniBooNE excess simultaneously.
I. INTRODUCTION
The Standard Model (SM) of particle physics is a
very successful, mathematically consistent theory of the
known elementary particles. Most of the SM predic-
tions are consistent with the experimental data. How-
ever, some theoretical puzzles and experimental results
cannot be explained solely based on the SM. These are
the hints that we need some new physics beyond the SM.
The need for new physics beyond the SM is well estab-
lished in the neutrino sector of the SM where the neu-
trino oscillation data [1, 2] definitely require at least two
neutrinos to have non-zero masses. On the other hand,
the SM does not provide any dark matter (DM) candi-
date which could explain the observed DM content of the
Universe [3]. In addition to the neutrino and DM puz-
zles, a few other experimental results associated with the
quarks and charged leptons also pose challenges to the
SM.
The anomalous magnetic moment of the muon is one
of the long-standing deviations of the experimental data
from the theoretical predictions of the SM. There exists a
3.7 σ discrepancy between the experimental results [4, 5]
and theoretical predictions [6–9]. This was recently ac-
companied by a 2.4 σ discrepancy between the experi-
mental [10, 11] and theoretical [12] values of the anoma-
lous magnetic moment of the electron due to a recent
precise measurement of the fine structure constant [13].
It is interesting to note that the deviations are in opposite
directions, and ∆ae/∆aµ does not follow the lepton mass
scaling m2e/m
2
µ ∼ 2.25× 10−5. It would require a model
with new flavor structure in the leptonic sector to explain
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these discrepancies. More data is needed to confirm the
∆ae discrepancy. There will be new results for the aµ
measurement from the Fermilab soon. Very recently, the
lattice calculation for the hadronic light-by-light scatter-
ing contribution confirms the ∆aµ discrepancy [14].
Any observations of the flavor changing rare decays
of kaons also indicate new physics beyond the SM. One
very interesting development in this topic is the recent
results from the KOTO experiment which is indicating
that KL → pi0ν¯ν decay takes place at a higher rate com-
pared to the SM prediction [15, 16]. The branching ratio
is estimated to be at least two orders of magnitude larger
than the SM prediction [17]. Any new physics explana-
tion of this excess is, however, constrained by the charged
kaon decay mode K+ → pi+νν¯ and K+ → pi+X which
are being investigated at NA62 [18] and E949 [19] ex-
periments, respectively. The new physics to explain the
anomaly also requires flavor violating interactions in the
quark sector.
The interesting question is can any simple extension
of the SM explain all these observations? In an attempt
to find the answer to this question, we propose a simple
extension of the SM which contains an additional scalar
doublet, a singlet, and three sterile neutrinos. This Higgs
sector extension is simple, well-motivated, and is associ-
ated with the electroweak sector of the SM [20]. We
investigate the most general renormalized scalar poten-
tial utilizing the electroweak symmetry breaking and ex-
plore the parameter space associated with the masses and
mixings of the Higgs bosons. The interesting feature of
this parameter space is the emergence of a light scalar
that has tree-level flavor violating couplings to the SM
fermions. Further, the sterile neutrinos would help us
to realize tiny neutrino masses utilizing type I seesaw in
this model. The lightest sterile neutrino can be a viable
DM candidate. Utilizing the flavor violation in the lepton
sector, we explain the g − 2 of both muon and electron.
The quark sector flavor violation leads to tree level de-
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cays of kaon into pion and dark matter pair which will
mimic the KL → pi0ν¯ν decay channel inside the KOTO
detector and help to explain the KOTO anomaly.
In addition to the light neutrino masses and KOTO
anomaly, the existence of the sterile neutrinos would help
us to explain two other puzzles. One of them is the DM
content of the Universe which can be explained by the
DM candidate in this model, i.e., the lightest sterile neu-
trino. The other one is the recent MiniBooNE observa-
tion where the data exhibits a 4.7 σ excess [21] of events
over the known background. This excess can be explained
with the muon neutrino getting upscattered to a heavy
sterile neutrino due to the light scalar.
Finally, the parameter space of this light scalar with
couplings to leptons and quarks is constrained by various
proton, electron beam dump, and collider experiments,
lepton flavor violating decays, kaon mixing, and astro-
physical data. We explore various constraints and deter-
mine the allowed parameter space where all the anomalies
can be explained simultaneously. We also make predic-
tions of this allowed parameter space for various ongoing
and upcoming experiments.
The rest of the paper is organized as follows: In Sec. II
we discuss the model by defining necessary parameters
and interaction terms. The origin of neutrino mass is
presented in Sec. III. In Sec. IV, we discuss the possibil-
ity of the lightest sterile neutrino as a DM candidate. We
generate a viable physical scalar spectrum in Sec. V. In
Sec. VI, we study the anomalous magnetic moments of
the electron and muon and allowed parameter space. In
Sec. VII, we discuss the allowed parameter space associ-
ated with the KOTO anomaly. In Sec. VIII V, we discuss
the recent MiniBooNE observation. We summarize our
analysis in Sec. IX by showing a few benchmark points
(BP) which explain all the anomalies after satisfying all
other experimental data. We provide additional pieces of
information in the Appendices.
II. MODEL
The scalar sector of the SM has the simplest possible
structure with one scalar doublet [22–26]. Two-Higgs-
doublet model (2HDM) [20, 27] and its singlet/triplet
extensions are well motivated extension of the SM scalar
sector [28–43]. In this work, we consider a simple exten-
sion of the CP-conserving 2HDM by adding one complex
scalar singlet. In addition to this, we extend the SM
fermion sector by adding three right-handed sterile neu-
trinos n′Ri with i = 1, 2, 3 to explain the observed neu-
trino masses and mixings. The quantum numbers of the
scalars under the SM gauge group SU(2)L × U(1)Y are
φ1 ∼ (2, 1/2), φ2 ∼ (2, 1/2), φS ∼ (1, 0) , (1)
and the definition of the electric charge is Q ≡ T3 + Y .
In general, the scalar sector can be CP-violating. For
simplicity, we assume that the scalar sector respects the
CP symmetry. Also, we do not impose any discrete
symmetry. The most general renormalizable and CP-
conserving scalar potential can be written as follows
V = m21φ
†
1φ1 +m
2
2φ
†
2φ2 +m
2
12(φ
†
1φ2 + φ
†
2φ1) +m
2
Sφ
†
SφS
−m2S′(φ2S + φ†2S ) +m1S(φ†1φ1φS + φ†1φ1φ†S)
+m2S(φ
†
2φ2φS + φ
†
2φ2φ
†
S) +
λ1
2
(φ†1φ1)
2
+
λ2
2
(φ†2φ2)
2 +
λS
2
(φ†SφS)
2 + λ3(φ
†
1φ1)(φ
†
2φ2)
+ λ4(φ
†
1φ2)(φ
†
2φ1) + λ5
[
(φ†1φ2)
2 + (φ†2φ1)
2
]
+ λ6
[
(φ†1φ1)(φ
†
1φ2) + (φ
†
1φ1)(φ
†
2φ1)
]
+ λ7
[
(φ†2φ2)(φ
†
1φ2) + (φ
†
2φ2)(φ
†
2φ1)
]
+ λ1S(φ
†
1φ1)(φ
†
SφS) + λ2S(φ
†
2φ2)(φ
†
SφS)
+ λ12S
[
(φ†1φ2)(φ
†
SφS) + (φ
†
2φ1)(φ
†
SφS)
]
+m12S(φ
†
1φ2φS + φ
†
Sφ
†
2φ1) .
(2)
We choose to work in the Higgs basis [44–48], where only
one of the doublet φ1 gets a vacuum expectation value (vev),
〈φ1〉 = v/
√
2. The details about the Higgs basis for the scalar
structure of our model is given in Appendix A. The doublet φ1
completely controls the spontaneous electroweak gauge sym-
metry breaking and the mass generations of the fermions and
gauge bosons. While the other doublet and the singlet are or-
dinary scalars. In the following, we analyze the scalar sector
in the Higgs basis. After the spontaneous symmetry breaking,
we can write the scalars as
φ1∼
(
G+
1√
2
(v + ρ1 + iG0)
)
, φ2 ∼
(
φ2
+
1√
2
(ρ2 + iη2)
)
,
φS∼ 1√
2
(ρS + iηS) . (3)
The extremization of the potential in Eq. 2 gives the following
conditions
m21 +
λ1v
2
2
= 0 , (4)
m212 +
λ6v
2
2
= 0 . (5)
Eq. 5 makes sure that the φ2 does not get a vev. From the
minimizing conditions, we further get
λ1 > 0, m
2
1 < 0, λ5 > 0, λ6 > 0, m
2
12 < 0,
m12S> 0, m1S = 0 . (6)
The vev of φS is zero due to m1S = 0. Therefore, the total
number of free parameters in the scalar sectors is 17 including
the vev v. The total number of scalar degrees of freedom (dof)
is 10. Three dof get eaten to give mass to W± and Z gauge
bosons. The remaining 7 are physical Higgs. In the Higgs
basis, G± and G0 become the Goldstone bosons. φ±2 gives
two charged physical Higgs h±. CP-even states ρ1, ρ2 and ρS
mix to give three neutral physical scalars h, h1 and h2. We
identify the h as the SM Higgs boson. The CP-odd states η2
and ηS mix and gives two neutral physical pseudoscalar s1
and s2.
2
The physical charged scalar mass is given by
m2h± = m
2
2 +
λ3v
2
2
. (7)
The mixing of the three CP-even neutral scalars ρ1, ρ2 and
ρS is
V ρmass =
1
2
(ρ1 ρ2 ρS)
(
M2ρ
)
3×3
 ρ1ρ2
ρS
 , (8)
where the 3× 3 mass square matrix M2ρ is
M2ρ =
 λ1v
2 λ6v
2 0
λ6v
2 m22 +
λ+345v
2
2
m12Sv√
2
0 m12Sv√
2
m2S − 2m2S′ + λ8v
2
2
 . (9)
Here, we have used Eq. 5 to simplify terms in the mass
squared matrix and defined λ+345 ≡ λ3 + λ4 + λ5. We get
three physical scalars from this mixing, h, h1 and h2 with
mass squaredm2h,m
2
h1
andm2h2 , respectively. The fields in the
mass basis, h, h1 and h2 are related to those in the interaction
basis, ρ1, ρ2 and ρS by a 3×3 rotation matrix UR3×3(θi) which
can be parametrized with three Euler angles θ1, θ2 and θ3. We
write UR as follows
UR =
 c11 c12 c13c21 c22 c23
c31 c32 c33
 , (10)
where ρi = URijhj . The quantities cij are functions of cos θk
and sin θk (k = 1, 2, 3). The interaction states can be written
in terms of the physical states as
ρ1 = c11h2 + c12h+ c13h1 ,
ρ2 = c21h2 + c22h+ c23h1 ,
ρS = c31h2 + c32h+ c33h1 . (11)
The mixing of the two CP-odd neutral scalars η2-ηS can be
written as
V ηmass =
1
2
(η2 ηS)
(
M2η
)
2×2
(
η2
ηS
)
, (12)
where the 2× 2 mass square matrix M2η is given by
M2η =
 m22 + λ−345v22 −m12Sv√2
−m12Sv√
2
m2S + 2m
2
S′ +
λ8v
2
2
 , (13)
where we define λ−345 ≡ λ3+λ4−λ5. From the above mixing,
we get two physical neutral pseudoscalar(
s1
s2
)
=
(
cosα − sinα
sinα cosα
)(
η2
ηS
)
, (14)
where the mixing angle is given by
tan 2α =
m12Sv/
√
2
m211 −m222
(15)
with the corresponding mass squared
m2s1 =
1
2
(m211 +m
2
22)− 1
2
√
(m211 −m222)2 +
m212Sv
2
2
(16)
and
m2s2 =
1
2
(m211 +m
2
22) +
1
2
√
(m211 −m222)2 +
m212Sv
2
2
, (17)
respectively, where
m211 =
1
2
(
m22 +
λ3v
2
2
+
λ4v
2
2
− λ5v
2
2
)
(18)
and
m222 =
1
2
(
m2S + 2m
2
S′ +
λ8v
2
2
)
. (19)
The interaction states can be written in terms of the mass
eigenstates as
η2 = cosα s1 + sinα s2 ,
ηS = − sinα s1 + cosα s2 . (20)
Both scalar doublets interact with all the fermions in the
interaction basis, while the singlet scalar only interacts with
the sterile neutrinos. The masses of the fermions come from
the interactions with φ1. The couplings of φ2 to the fermions
are unconstrained and do not need to respect the SM fermion
flavor symmetry. Therefore, the interactions of the fermions
with the neutral components of φ2 can generate the tree-level
flavor-changing neutral current (FCNC), which would be use-
ful to explain the KOTO anomaly and g-2 of the electron.
The fermions can interact with the singlet scalar through the
scalar mixings discussed above. The complete Yukawa sector
Lagrangian in the interaction basis is
−L = q¯′Li(y′1d)ijd′Rjφ1 + q¯′Li(y′1u)iju′Rj φ˜1
+ l¯′Li(y
′
1e)ije
′
Rjφ1 + l¯
′
Li(y
′
1n)ijn
′
Rj φ˜1
+ q¯′Li(y
′
2d)ijd
′
Rjφ2 + q¯
′
Li(y
′
2u)iju
′
Rj φ˜2
+ l¯′Li(y
′
2e)ije
′
Rjφ2 + l¯
′
Li(y
′
2n)ijn
′
Rj φ˜2
+ n¯′cRi(y
′
sn)ijn
′
RjφS +
1
2
n¯′cRiM
′
ijn
′
Rj +H.c. , (21)
where i, j are the family indices, i, j = 1, 2, 3, and a, b = 1, 2.
The primed fermions are the fermions in the interaction basis.
The first four terms give the down-type quark masses, up-type
quark masses, charged lepton masses, and Dirac mass terms
of neutrino, respectively. The last term gives the Majorana
mass terms for the right-handed neutrinos. In general, all the
Yukawa couplings are 3× 3 complex matrices.
In general, the 3 × 3 Yukawa matrices y′1d, y′1u, y′1e and
y′1n, and the mass matrix M
′
ij can be diagonalized through
biunitary transformations as follows
U†dLy
′
1dUdR = y1d, with (y1d)ij = (y1d)iiδij , (22)
U†uLy
′
1uUuR = y1u, with (y1u)ij = (y1u)iiδij , (23)
U†eLy
′
1eUeR = y1e, with (y1e)ij = (y1e)iiδij , (24)
U†νLy
′
1nUnR = y1n, with (y1n)ij = (y1n)iiδij , (25)
U†nRM
′UnR = M, with Mij = Miiδij , (26)
where UdL , UdR , UuL , UuR , UeL , UeR , UνL and UnR are
eight appropriate 3× 3 unitary matrices. These matrices can
be used to define the physical states of the fermions,
dLi = (U
†
dL
)ijd
′
Lj , dRi = (U
†
dR
)ijd
′
Rj , (27)
uLi = (U
†
uL)iju
′
Lj , uRi = (U
†
uR)iju
′
Rj , (28)
eLi = (U
†
eL)ije
′
Lj , eRi = (U
†
eR)ije
′
Rj , (29)
νLi = (U
†
νL)ijν
′
Lj , nRi = (U
†
nR)ijn
′
Rj . (30)
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We also define the following matrices,
(y2d)ij = (U
†
dL
)ik(y
′
2d)kl(UdR)lj , (31)
(y2u)ij = (U
†
uL)ik(y
′
2u)kl(UuR)lj , (32)
(y2e)ij = (U
†
eL)ik(y
′
2e)kl(UeR)lj , (33)
(y2n)ij = (U
†
νL)ik(y
′
2n)kl(UnR)lj , (34)
(ysn)ij = (U
†
nR)ik(y
′
sn)kl(UnR)lj . (35)
Using the definitions Eq. 22-35 and the physical scalar
states, the Eq. 21 can be written compactly as follows
−L = (mf )if¯ifi + (mνd)i(ν¯LinRi + n¯RiνLi)
+
1
2
Mi(n¯
c
RinRi + n¯Rin
c
Ri)
+ ν¯Li(U
†
PMNS)ik(y2e)kjeRjh
+
+ e¯Ri(y2e)ik(UPMNS)kjνLjh
−
− e¯Li(UPMNS)ik(y2n)kjnRjh−
− n¯Ri(y2n)ik(U†PMNS)kjeLjh+
+ u¯i[(UCKM )ik(y2d)kjPR − (y2u)ik(UCKM )kjPL]djh+
+ d¯i[(y2d)ik(U
†
CKM )kjPL − (U†CKM )ik(y2u)kjPR]ujh−
+ f¯i(yfφ)ijfjφ+ (ynφ)ij(ν¯LinRj + n¯RiνLj )φ
+ (ynnφ)ij(n¯
c
RinRj + n¯Rin
c
Rj )φ , (36)
where f = d, u, e; φ = h, h1, h2, s1, s2 and (mf )i =
(y1f )iv/
√
2. The Dirac mass matrix of neutrinos is defined
as (mνd)i = (y1n)iiv/
√
2 while Mi = Miiδij is the Majorana
mass matrix. The definitions of the CKM and PMNS matri-
ces are
UCKM = U
†
uLUdL , (37)
UPMNS = U
†
eLUνL . (38)
The couplings yfφ are defined as
(yfh2)ij =
(mf )i
v
c11δij +
(y2f )ij√
2
c21 ,
(yfh)ij =
(mf )i
v
c12δij +
(y2f )ij√
2
c22 ,
(yfh1)ij =
(mf )i
v
c13δij +
(y2f )ij√
2
c23 ,
(yfs1)ij = i
(y2f )ij√
2
cosα ,
(yfs2)ij = i
(y2f )ij√
2
sinα . (39)
The couplings ynφ of active-sterile neutrino states with the
scalars are defined as
(ynh2)ij =
(mνD )i
v
c11δij +
(y2n)ij√
2
c21 ,
(ynh)ij =
(mνD )i
v
c12δij +
(y2n)ij√
2
c22 ,
(ynh1)ij =
(mνD )i
v
c13δij +
(y2n)ij√
2
c23 ,
(yns1)ij = i
(y2n)ij√
2
cosα ,
(yns2)ij = i
(y2n)ij√
2
sinα . (40)
And the couplings between two sterile neutrinos and the
scalars, ynnφ are defined as
(ynnh2)ij =
(ysn)ij√
2
c31 ,
(ynnh)ij =
(ysn)ij√
2
c32 ,
(ynnh1)ij =
(ysn)ij√
2
c33 ,
(ynns1)ij = −i
(ysn)ij√
2
sinα ,
(ynns2)ij = i
(ysn)ij√
2
cosα . (41)
So far, we have presented the general framework of the
model without assuming any particular parameter space in
mind. In the next three sections, Sec. III-V, we want to gen-
erate a particular parameter space relevant for the rest of the
paper.
III. NEUTRINO MASSES AND MIXINGS
We study the mixings between the active and sterile neu-
trino states and the generation of neutrino masses in this sec-
tion. The sterile neutrinos will generically mix with the active
states and produce six neutrino eigenstates. The masses of the
three lightest eigenstates can be determined by the type-I see-
saw mechanism [49–52]. The part of the Lagrangian from the
Eq. 36, which is responsible for the masses of the neutrinos,
is given by
−Lneutrino = (mνd)i(ν¯LinRi + n¯RiνLi)
+
1
2
Mi(n¯
c
RinRi + n¯Rin
c
Ri)
=
1
2
(
ν¯CLi η¯Ri
)(
0 (mTνd)i
(mνd)i Mi
)(
νLi
nCRi
)
+H.c. . (42)
The Dirac-Majorana mass matrix of neutrinos is given the
6× 6 matrix
MD+Mi =
 0 (mTνd)i
(mνd)i Mi
 . (43)
The mass matrix MD+Mi can be diagonalized by blocks [53,
54], up to corrections at the order of M−1i (mνd)i, under the
assumption that all the eigenvalues of Mi are much larger
than the eigenvalues of (mνd)i
WTMD+Mi W '
 (Mlight)i 0
0 (Mheavy)i
 , (44)
where the 6× 6 diagonalizing matrix W is given by
W '
 1− 12RR† R†
−R 1− 1
2
R†R
 (45)
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with R = M−1i (mνd)i. The 3 × 3 light and heavy neutrino
mass matrices are given by
mνi = (Mlight)i = −(mTνd)iM−1i (mνd)i ,
mni = (Mheavy)i = Mi . (46)
We redefine νi and ni as the physical light active neutrinos
and heavy sterile neutrinos, respectively. The masses mνi are
not known experimentally because the neutrino oscillations
are only sensitive to the differences, m2νi − m2νj . In normal
hierarchy scenario, i.e., assuming mν1  mν2 < mν3 , the
two mass square differences determined from the oscillation
data [55] is given by ∆m221 = (7.05 − 8.24) × 10−5 eV2 and
∆m231 = (2.334 − 2.524) × 10−3 eV2. Therefore, there are
at least two non-zero mνi . Assuming the lightest neutrino
to be massless, we get mνi ' (0, 8.66 × 10−3, 0.05) eV. In
Table I, we show two typical BPs that can generate the tiny
mνi , mn2,3 ∼ O(100) MeV range, and mn1 ∼ O(10) keV.
Another important quantity is the mixing angle between the
active-sterile states. The mixing parameters can be defined
as θij = M
−1
i (mνd)i(U
†
nR)ij . We also define θ
2 ≡ ∑ij |θij |2,
and estimate it for the two BPs in Table. I.
TABLE I: The parameters of two typical BPs which
are needed to generate 3 light and 3 heavy neutrinos in
the normal hierarchy scenario.
BP
Mi
(MeV)
(mνd)i
(GeV)
θ2
BP1 (0.002, 420, 10) (0, 1.9× 10−6, 1.58× 10−4) 6× 10−9
BP2 (0.007, 380, 640) (0, 1.81× 10−6, 5.62× 10−6) 10−11
IV. DARK MATTER
The lightest candidate of the heavy sterile neutrinos
n1 can be the DM candidate in this model if we take
mn1 ' O(1 − 10) keV. These particles can be produced at
high temperature in the early Universe but never in thermal
equilibrium due to their very weak interaction strength.
These massive neutral particles are not protected by any
symmetry from decaying into the lighter SM states but can
have a lifetime longer than the age of the Universe controlled
by the active-sterile mixing parameter. The decay of sterile
neutrinos puts bounds on the mixing parameter. The
dominant decay channel of n1 would be n1 → 3ν through
active-sterile neutrino mixing and weak interaction of ν.
Another possible decay channel for the given mass range
could be n1 → ν(h∗1 → γγ), where the h1 decays to 2γ final
state through a muon loop. But the choice of (mνd)1 = 0
forbids the channel as (ynh1)11 is directly proportional to
(mνd)1. The decay width of n1 decaying into 3ν is given
by [56, 57]
Γn1 =
G2Fm
5
n1θ
2
96pi3
' θ
2
1.5× 1014 sec
( mn1
10 keV
)5
. (47)
The lifetime of n1 is defined as τn1 = 1/Γn1 . The decay
of n1 into 3ν final state is not protected by any symmetry,
therefore, to contemplate n1 as a DM candidate, we need to
make sure that it is long-lived enough. To make it long-lived
we require τn1  tU , where tU = 4.4× 1017 sec [3] is the age
of the Universe. This gives a bound on θ2 [] as follows
θ2  3.4× 10−4
(
10 keV
mn1
)5
. (48)
The sterile neutrinos are neutral under the SM gauge sym-
metry, and thus do not interact with the other particles with
known forces. Because of this reason, they were not in equi-
librium in the early Universe. However, they somehow must
interact with other particles to be produced in the early Uni-
verse to be a DM candidate. Therefore, the production mech-
anism of n1 would be model dependent. In the following, we
consider two benchmark mass values of n1 and discuss their
production mechanism.
1. mn1 = 2 keV : If the mass of n1 is 2 keV, it can be
produced by the non-resonant Dodelson-Widrow mech-
anism [58]. In this scenario, the sterile neutrinos mix
with the active neutrinos and produced at high tem-
peratures through the mixing angle suppressed weak
interactions. In the type-I seesaw scenario considered
in Sec. III, this mixing arises generically and we esti-
mated the mixing parameter to be θ2 ' 6×10−9 for the
2 keV n1. If we consider n1 as the sole DM candidate
then for a given thermal history of the Universe, the
DM density is uniquely determined by mn1 and θ
2 as
follows [59]
Ωn1h
2 ∼ 0.1
(
θ2
3× 10−9
)( mn1
3keV
)1.8
, (49)
where h = .72± 0.08 [3]. From Eq. 49, we get that for
mn1 = 2 keV, θ
2, which is needed to get the correct DM
abundance, is equal to 6× 10−9. The peak production
happens at T ∼ 200 MeV. This benchmark point is
also favored by structure formation bounds and X-ray
searches [60].
2. mn1 = 7 keV : For n1 having mass 7 keV, we esti-
mate θ2 ' 10−11 by taking Mi = (0.01, 420, 500) MeV
. This satisfies the bounds from the X-ray search [60].
For such a low mixing parameter, the n1 production
requires an enhancement. The Shi-Fuller resonant
production mechanism [61] can be applied to gener-
ate n1. Here, lepton asymmetry produces large en-
hancement due to the Mikheyev-Smirnov-Wolfenstein
(MSW) eect [62, 63]. The DM density is determined
by the lepton asymmetry and mn1 by [61]
Ωn1h
2 ∼ 0.1
( mn1
1keV
)( ∆L
0.02
)
, (50)
where ∆L is the lepton asymmetry. To get the correct
relic density for 7 keV n1, we need ∆L ∼ 3×10−3. The
lepton asymmetry can be introduced in our model by
assuming CP-violation in the lepton sector. The lep-
ton asymmetry for two scalar doublet model has been
studied in Ref. [64]. The decay of 7 keV n1 can be inter-
preted as the source of the recently observed 3.5 keV
line in the X-ray spectra of the galaxies [65–67] with
θ2 ' 10−11 [60].
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For simplicity, we assume only real Yukawa couplings and
mn1 ∼ O(1−10) keV for the rest of our analysis. The complex
Yukawa couplings give us more freedom on the choice of the
(θ2,mn1) parameter space.
V. LIGHT SCALAR
In this section, we generate a physical scalar spectrum that
has interesting phenomenological aspects. Specifically, there
exists a light physical scalar with mass O(100 − 200) MeV,
which interacts with the physical SM fermions through tree-
level FCNCs. The rest of the physical scalar masses are chosen
in a way to avoid the LHC constraints. The values of the
parameters in Eq. 2 that serve our purpose are summarized
in Table. II. We also present one specific BP. We see that the
scalar masses O(100) GeV and couplings λi ∼ 0.01− 0.1 can
give rise to the lightest physical scalar mass ∼ 100 MeV.
TABLE II: The descriptions of the parameters de-
fined in Eq. 2. We choose the given range of values to
generate a light scalar and other heavy scalars consis-
tent with the LHC bounds. We show one specific BP.
The value of v is 246 GeV.
Parameters
Descriptions
and Values
Benchmark
Values
m21,m
2
2,m
2
12
m2S ,m
2
S′
∼ [O(100) GeV]2 ,
m21 < 0,m
2
12 < 0
m21 = −(88.7)2 GeV2
m22 = (497)
2 GeV2
m212 = −(55)2 GeV2
m2S = (277.7)
2 GeV2
m2S′ = (199.8)
2 GeV2
m1S ,m2S
m12S
∼ O(100) GeV,
m1S = 0,m12S > 0
m1S = 0
m2S = 50 GeV
m12S = 50 GeV
λ1, λ2, λ3, λ4
λ5, λ6, λ7
λS , λ12S
∼ O(0.1),
λ1, λ5, λ6 > 0
λ1 = 0.26
λ2, λ3, λ4, λ5, λ6, λ7
λS , λ12S = 0.1
λ1S , λ2S ∼ O(0.01) λ1S = λ2S = 0.01
We summarize the result of the numerical calculations of
the mass spectrum in Table. III, along with the possible final
states in the detectors. Details are given in the Appendix. B.
One important decay channel to note is the invisible SM Higgs
decay, h → h1h1, where h1 mostly decays into n1n¯1 pairs.
Lack of signals from the searches at the LHC for the invisibly
decaying Higgs boson put a bound on the branching fractions,
Br(h→ invisible) < 0.24 at 95% Confidence Level (C.L.) [68,
69]. For the given parameters we find the hh1h1 coupling to
be 0.42 and Br(h→ invisible) = 0.01.
For the rest of the work, the light scalar h1 is taken to be
lighter than the muon and it promptly decays mainly to n¯1n1
or e+e− pair with decay widths given as
Γ(h1 → n¯1n1) = (ynnh1)211 ×
mh1
16pi
(
1− 4m
2
n1
m2h1
)3/2
,
(51)
Γ(h1 → e+e−) = (yeh1)211 ×
mh1
8pi
(
1− 4m
2
e
m2h1
)3/2
. (52)
TABLE III: Brief descriptions of the physical scalar
spectrum needed for our analysis. We show the values
of the physical masses for the BP defined in Table II as
well as the mass range.
Particles
Mass values
for the benchmark
of Table. II
Possible final
states
Charged scalars :
h±
mh± ∼ O(500) GeV
mh± = 500 GeV
h+ → d¯iuj ,
e+i +MET
Neutral scalars :
h, h1, h2
mh1 ∼ O(.1) GeV
mh2 ∼ O(500) GeV
mh = 125.5 GeV,
mh1 = 0.15 GeV
mh2 = 500 GeV
h, h2 → f¯ifj ,
γγ, h1h1
h1 → e+e−,
n¯1n1
Neutral
pseudoscalars :
s1, s2
msi ∼ O(500) GeV
ms1 = 500 GeV,
ms2 = 400 GeV
s1,2 → e¯iej ,
d¯idj
The total decay width of h1 is Γh1 = Γ(h1 → n¯1n1) +
Γ(h1 → e+e−), and the lifetime of h1 is τh1 = 1/Γh1 . For
rest of the calculations, we choose (ynnh1)11 = 7 × 10−5 and
(yeh1)11 = 10
−5. Therefore, for mn1 = O(1 − 10) keV and
mh1 in the range 100 − 200 MeV, we get the lifetime of h1,
τh1 ' 7× 10−14 sec. We also obtain
Br(h1 → n¯1n1) ' 0.95 ,
Br(h1 → e+e−) ' 0.05 . (53)
The different constraints relevant for a light scalar of mass
O(100) MeV are:
1. Fixed target/ Beam dump experiment: In such ex-
periments, h1 can be produced by e-bremsstrahlung
and subsequently decays to n¯1n1 or e
+e− pair when
mh1 < 2mµ. NA64 [70] is sensitive to the invisible final
states while E137 [71–74] and Orsay [74] are sensitive
to e+e− final states. In electron beam dump experi-
ments h1 can also be produced via the effective coupling
h1F
µνFµν through a muon loop. These experiments
can constrain the parameter space in (mh1 , (yeh1)11)
and (mh1 , (yeh1)22) planes. We show these bounds in
Fig. 3 and Fig. 2, respectively. We also show the pro-
jections from future experiments. This parameter space
is relevant for the explanations of anomalous magnetic
moments of muon and electron.
2. Kaon decay: Rare Kaon decay into pion and electron-
positron pair/invisible states can be generated via h1
because of the tree-level flavor violating quark coupling,
i.e., nonzero (ydh1)21. The process KL → pi0n1n¯1 can
mimic the KL → pi0νν¯ decay. NA62 [18] and E949 [19]
experiments put bounds on ((ydh1)21,mh1) parameter
space. We show the bounds in Fig. 4. This parameter
space is relevant for the explanation of the anomalous
KOTO events.
3. B-meson decay : Rare B decays B → Kµ+µ− can occur
via h1 due to the tree-level flavor violation in the quark
sector and can put bound from LHCb experiment [75].
Without affecting any other results of our analysis, we
simply choose the coupling that generates this decay to
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be (ydh1)32 ∼ 0. And then this decay is forbidden, and
we neglect the bounds.
4. Supernova cooling, ∆Neff , BBN: For the mass range
mh1 ∼ (100−200) MeV, the astrophysical and the cos-
mological bounds are very weak [76, 77] and therefore
we do not show them here.
5. it Future Experiments: We also show the projected
bounds from a few future/ongoing experiments such as
FASER [76, 78, 79], SHiP [76, 80], Fermilab µ-beam
fixed target [76, 81] and NA64µ, e [70, 81].
We will show the constraints in later Sections as required.
VI. THE MUON AND ELECTRON
ANOMALOUS MAGNETIC MOMENTS
The anomalous magnetic moment of the muon, aµ = (gµ−
2)/2 has been one of the long-standing deviations between the
experimental data and theoretical predictions of the SM. The
3.7σ discrepancy between the experimental value [4, 5] and
theoretical prediction [6–9] was found to be
∆aµ = a
exp
µ − athµ = (2.74± .73)× 10−9 . (54)
Several theoretical efforts are underway to improve the preci-
sion of the SM predictions [82–85] by computing the hadronic
light-by-light contribution with all errors under control by
using lattice QCD. Recently first such result [14] was ob-
tained and found to be consistent with the previous predic-
tions, indicating a new physics explanation of the discrepancy.
From the experimental side, the ongoing experiment at Fer-
milab [86, 87] and one planned at J-PARC [88] are aiming to
reduce the uncertainty.
Recently, this has been compounded with a 2.4σ discrep-
ancy between the experimental [10, 11] and theoretical [12]
values of the electron magnetic moment ae
∆ae = a
exp
e − athe = (−8.7± 3.6)× 10−13 . (55)
This 2.4σ discrepancy came recently from the high precision
measurement of the fine structure constant, α using the ce-
sium atoms [13]. Note, the deviations are in the opposite
directions and ∆ae/∆aµ does not follow the lepton mass scal-
ing, m2e/m
2
µ ∼ 2.25× 10−5. A new physics solution is needed
to explain them simultaneously. A few possible solutions in
other contexts have been considered in literature [89–104].
We utilize the tree-level lepton flavor violating couplings
of the light scalar h1 given by Eq. 36 to address the issue.
These couplings allow one-loop diagrams as shown in Fig. 1
mediated by h1 with different leptons inside the loop. In
general, there would be 6 different realizations of each process
with three leptons inside the loop and different chirality of ei
and ej . Assuming an asymmetric Yukawa matrix, (yeh1)ij ,
we get that e¯iLejRh1 and e¯iRejLh1 couplings are different.
We use this fact to get the opposite sign for ∆aµ and ∆ae.
For simplicity, we further assume that some of the elements
of (yeh1)ij are zero, given in Eq. 59.
For aµ calculation, the diagrams with muon inside the loop
will dominate. The contribution of such diagrams to the muon
anomalous magnetic moments is [105]
∆aµµ,µ = (yeh1)
2
22
m2µ
4pi2
∫ 1
0
dx
2x2 − x3
x2m2µ + (1− x)m2h1
. (56)
FIG. 1: We denote an expression as eiej , ek where
ei, ej are the leptons in the outer legs and ek runs in-
side the loop. Similar diagrams with heavier scalars are
also possible which are further suppressed by the large
masses.
In Fig. 2, we show the allowed parameter space in the
(mh1 , (yeh1)22) plane for ∆aµµ,µ = ∆aµ. We also show rel-
evant future bounds. This parameter space is allowed by all
the muon experiment because mh1 < 2mµ.
0.02 0.05 0.10 0.20
5.×10-61.×10
-5
5.×10-51.×10
-4
5.×10-40.001
mh1 (GeV)
(y eh 1
) 22
NA64μ
(gμ-2) favored
Fermilab μ beam
SHiP
FASER
FIG. 2: The blue shaded region shows the allowed
parameter space favored by ∆aµ. This region of the
parameter space is allowed by all muon experiments.
The dotted lines show the future bounds.
For the electron magnetic moment both tau and electron-
induced loop diagrams are non-vanishing. The contributions
to the electron anomalous magnetic moment with tau and
electron inside the loop respectively are [105]
∆aee,τ = (yeh1)13 (yeh1)31
m2e
4pi2
×
∫ 1
0
dx
x2 − x3 + mτ
me
x2
x2m2e + x(m2τ −m2e) + (1− x)m2h1
,(57)
∆aee,e = (yeh1)
2
11
m2e
4pi2
∫ 1
0
dx
2x2 − x3
x2m2e + (1− x)m2h1
. (58)
Note that ∆aee,e always gives positive contributions while
∆aee,τ can be negative if one of the couplings is negative. To
explain the electron anomalous magnetic moment, we require
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that ∆aee,τ gives the dominating contribution, and ∆aee,τ +
∆aee,e explains the deviation. In Fig. 3, we present various
constraints mentioned in Sec. V in the (mh1 , (yeh1)11) plane.
The values of (yeh1)13 and (yeh1)31 that gives, ∆aee,τ ' ∆ae
are shown in Eq. 59.
0.02 0.05 0.10 0.20
10-8
10-7
10-6
10-5
mh1 (GeV)
(y eh 1
) 11
NA64e
E137
Orsay
NA64e (future)
FIG. 3: The shaded regions are the excluded regions
and the dotted lines show the future bounds. The value
of (yeh1)11) = 10
−5 chosen in Sec. V falls in the allowed
region for mh1 = O(100− 200) MeV.
We choose one benchmark point which gives correct values
and signs for both ∆aµ and ∆ae. The light scalar mass is
mh1 = 140 MeV, and the elements of the Yukawa matrix
(yeh1)ij is given by
(yeh1)ij '
 10−5 0 −6.8× 10−40 5.13× 10−4 10−7
3.5× 10−4 0 0
 .
(59)
In particular, these values do not vary much for the mass
range mh1 = O(100− 200) MeV.
The Yukawa matrix in Eq. 59 introduces flavor violating de-
cays mediating through the light scalar h1: µ→ eγ with τ in-
side the loop, τ → eγ with e inside the loop and τ → µγ with
µ inside the loop. The analytical expression of the branching
fractions of these decays is given in Eq. C1. We show the
values of these branching ratios using Eq. 59 and mh1 = 140
MeV and the corresponding experimental bounds [106, 107]
in Table IV. We find that the branching ratios are smaller
than the experimental bounds. The values do not change
significantly over the mass range mh1 = O(100− 200) MeV.
TABLE IV: We summarize the values of different
lepton flavor violating processes for the Yukawa matrix
of Eq. 59. We also show corresponding experimental
bounds.
Descriptions
Values for
mh1 = 140 MeV
Experimental
bounds
Br(µ→ eγ) 5.75× 10−14 < 4.2× 10−13
Br(τ → eγ) 1.15× 10−11 < 1.1× 10−7
Br(τ → µγ) 1.92× 10−15 < 4.5× 10−8
VII. KOTO ANOMALY
The flavor changing processes like rare K meson decays,
K0L → pi0νν¯ and K+ → pi+νν¯, are among the most sensitive
probe for new physics beyond the SM [17, 108–114]. These
decays are loop suppressed in the SM [115, 116]. Any ob-
servation of such a signal would require new physics for an
explanation. The SM predictions are [17]
Br(K0L → pi0νν¯)SM = (3.00± 0.30)× 10−11 (60)
Br(K+ → pi+νν¯)SM = (9.11± 0.72)× 10−11 (61)
The KOTO experiment [117, 118] at J-PARC [119] and
NA62 experiment [120] at CERN are dedicated to prob-
ing these processes. Recently, four candidate events were
observed in the signal region of K0L → pi0νν¯ search at
KOTO experiment, whereas the SM prediction is only 0.10±
0.02 [15, 16]. Out of four events, one can be suspected as
a background coming from the SM upstream activity, while
the other three can be considered as signals as they are not
consistent with the currently known background. Given, sin-
gle event sensitivity as 6.9 × 10−10 [15, 16], three events are
consistent with
Br(K0L → pi0νν¯)˙KOTO19 < 2.1+2.0(4.1)−1.1(−1.7) × 10−9 (62)
at 68(90)% C.L., including statistical uncertainties. The re-
sult includes the interpretation of photons and invisible final
states as νν¯. Note, the central value is almost two orders of
magnitude larger than the SM prediction. This new result is
in agreement with their previous bounds [121]
Br(K0L → pi0νν¯)˙KOTO18 < 3.0× 10−9 . (63)
On the other hand, the charged kaon decay searches did not
see any excess events. The recent update from NA62 puts a
bound [18]
Br(K+ → pi+νν¯)˙NA62 < 2.44× 10−10 (64)
at 95% C.L., which is consistent with the SM prediction of
Eq. 61.
In general, the neutral and charged kaon decays satisfy the
following Grossman-Nir (GN) bound [122]
Br
(
K0L → pi0νν¯
) ≤ 4.3× (K+ → pi+νν¯) , (65)
which depends on the isospin symmetry and kaon lifetimes.
The GN bound might give a strong constraint on the ex-
planations for the KOTO anomaly. Thus, the new physics
explanation for the KOTO anomaly is required to generate
three anomalous events and satisfy the GN bound. Several
such solutions have been proposed in the literature [123–133].
In this work, we rely on the tree-level flavor violating cou-
plings of the light scalar h1 in the quark sector of Eq. 36
and invisible decay channel of h1 to interpret Eq. 62. The
non-zero value of (ydh1)21 leads to the tree-level s → d tran-
sition through h1. Thus, the neutral kaon can decay into a
neutral pion and a h1 through the tree-level coupling. The
same coupling would allow the charged kaon to decay into a
charged pion and a h1. The produced h1 promptly decays
into either a DM pair n1n¯1 or an electron pair. The decay
channel Br(K0L → pi0n1n¯1) will mimic the Br(K0L → pi0νν¯)
search signals and can account for the required branching frac-
tions of Eq. 62. Note that the Br(K+ → pi+ + invisible)
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bound is generally stronger except in the mass range ∼
mpi ± 25 MeV [18, 19, 134, 135], therefore, we choose the
mass parameter mh1 in that range to evade the GN bound,
The non-zero coupling (ydh1)21 also gives the tree-level
K0 − K¯0 mixing mediated via h1. The contribution of this
mixing to the KL −KS mass difference can be calculated as
follows
∆mK = −2(ydh1)
2
21
m2h1
f2Km
2
K
12mK
[
1− m
2
K
(ms +md)2
]
, (66)
with ∆mexpK = 3.52× 10−15 GeV [5]. Here. fK ' 1.23mpi is
the kaon decay constant [5]. For mh1 = O(100 − 200) MeV,
one only needs (ydh1)21 < 10
−8 to avoid this constraint, which
is obviously satisfied in the following discussions.
The decay width of K0L decaying into a neutral pion and
an on-shell h1 is
Γ(K0L → pi0h1) = [Re(ydh1)21]
2
16pimK0
L
(
m2K0 −m2pi0
ms −md
)2
f2(m2h1)
× λ1/2
(
1,
m2pi0
m2
K0
L
,
m2h1
m2
K0
L
)
, (67)
where λ(x, y, z) = x2+y2+z2−2xy−2yz−2zx is the triangle
function, and the function f(q2) for the vector form factor is
defined as [136]
f(q2) = f+(0)
(
1 +
λ0
m2pi
q2
)
(68)
with f+(0) = 0.97 and λ0 = 1.8× 10−2.
And the decay width of K+L decaying into a charged pion
and an on-shell h1 is
Γ(K± → pi±h1) = |(ydh1)21|
2
16pimK±
(
m2K± −m2pi±
ms −md
)2
f2(m2h1)
× λ1/2
(
1,
m2pi±
m2
K±
,
m2h1
m2
K±
)
. (69)
The h1 produced in the decay of the kaon is short-lived
with typical lifetime τh1 ' 10−13 sec for the choice of the pa-
rameters in Sec. V. Now taking the energy of the produced h1
to be Eh1 ' 1.5 GeV, we estimate the path it travels before it
decays as, γcτh1 ' 10−4 m. The length of the KOTO detector
is 3 m, hence h1 decays inside the detector. It can promptly
decay into n1n¯1 or e
+e− pair with branching fractions of 0.95
and 0.05, respectively. So we get
Br(K0L → pi0n1n¯1) = Γ(K
0
L → pi0h1)× Br(h1 → n1n¯1)
ΓK0
L
,
Br(K0L → pi0e+e−) = Γ(K
0
L → pi0h1)× Br(h1 → e+e−)
ΓK0
L
,
(70)
where ΓK0
L
= ΓSMK0
L
+ Γ(K0L → pi0n1n¯1) + Γ(K0L → pi0e+e−)
with ΓSMK0
L
= (1.29 ± 0.01) × 10−17 GeV. We get similar ex-
pressions for the K± decays.
In Fig. 4, we show the favored parameter space in
(mh1 , (ydh1)21) plane corresponding to the branching fraction
of Eq. 62. We also show the region excluded by KOTO 2018
result and K0L → pi0e+e− decay channel. As mentioned ear-
lier, the KOTO favored region is allowed by the NA62 exper-
iment, thus avoiding the GN bound.
0.05 0.10 0.15 0.20 0.25
1.×10-13
2.×10-13
3.×10-13
4.×10-13
5.×10-13
6.×10-13
7.×10-13
8.×10-13
mh1 (GeV)
(y dh 1)
21
NA62 NA62
KOTO
Favored
KOTO18
K0→ π0e+e-
E949
FIG. 4: The pink shaded region is the parameter space
favored by the KOTO anomaly in our model. The blue
dashed line is the contour corresponding to the central value
of the KOTO anomaly. The green contour corresponds to
the KOTO18 excluded region. Contour line corresponding
to the K0L → pi0e+e− decay is shown in brown. We also
show the excluded region by NA62 and E949.
VIII. MINIBOONE EXCESS
MiniBooNE is a Cherenkov detector consists of a 12.2 m
diameter sphere filled with 818 tonnes of pure mineral oil
(CH2), located at the Booster Neutrino Beam (BNB) line at
Fermilab [137]. The experiment gets the neutrinos and an-
tineutrinos flux from BNB [138]. Recently, after taking data
for 15 years, they have reported a 4.7σ excess of νe + ν¯e like
events over the estimated background in the energy range
200 < EQEν < 1250 MeV [21]. The amount of combined
excess events is 460.5 ± 99.0 corresponding to 12.84 × 1020
protons on target in neutrino mode and 11.27× 1020 protons
on target in antineutrino mode. This result is in tension with
the two-neutrino oscillation within the standard three neu-
trino scenario.
Recently, several attempts have been put forth to explain
this anomaly within the context of dark neutrino mass mod-
els using heavy sterile neutrinos and dark gauge bosons [139–
143] and dark sector models with dark scalars [133]. They all
considered the scenario where the light neutrinos upscatter
to a heavy neutrino after coherent scattering off the nucleus
and subsequent decay of the heavy neutrino into a pair of
electrons. The MiniBooNE detector cannot distinguish the
electron pair. One can get the reconstructed neutrino en-
ergy using the energy and angular distribution of the medi-
ator coming from the sterile neutrino decay [144]. Recently,
it was shown that parameter space needed for the explana-
tion of MiniBooNE data in the dark gauge boson models are
constrained by CHARM-II data [145], because the scatter-
ing cross-section get enhanced for large neutrino energy. The
scalar mediator models have the advantages as for similar pa-
rameters, as the scattering cross-section is much smaller [133].
In the framework of our model, the heavy sterile neu-
trino n2 can be produced from the upscattering process:
ν2A → n2A mediated through the light scalar h1 as shown
Fig. 5. The ν2A scattering being coherent is enhanced by
∼ A2. The produced n2 promptly decays into n1 and an
on-shell h1, which subsequently decays into a pair of e
+e−
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with Br(h1) → e+e− ' 5%. Taking the typical energies,
En2 , Eh1 ∼ 1 GeV, we estimate the length of the path they
travel before decay as ln2 ' 10−4 m and lh1 ' 10−4 m.
FIG. 5: The Feynman diagram for the upscattering
process νA → nA that contributes to the cross-section
that generates the MiniBooNE excess events in our
model.
As both the heavy neutrino n2 and the light scalar h1 decay
promptly, we can write the total number of events observed
due to this process as
Nevent = fexp
∫ Eνmax
Eνmin
dEνΦ(Eν)
∫ ERmax
ERmin
dER
× dσ(ER, Eν)
dER
× Br(h1 → e+e−) , (71)
where fexp is a factor which involves the numbers of protons
on target, exposure, effective area of the detector and depends
on the experiments; ER is the nuclear recoil energy; Eν is the
incoming neutrino energy; and Φ(Eν) is the incoming neutrino
flux from the BNB. Therefore, fmodel = Nevent/fexp is the
model-dependent part.
The differential scattering cross-section of νA → nA is
given by
dσ
dER
= [Zfp + (A− Z)fn]2 (ynh1)
2
22
16piE2ν
× (m
2
n2 + 2mAER)(2mA + ER)
(m2h1 + 2mAER)
2
F 2(ER) , (72)
where mA is the mass of the target nucleus; Z and A − Z
are the proton and neutron numbers of the target nucleus;
F (ER) is the nuclear form factor; and the factors fp,n are
defined as [146]
fp,n
mN
=
∑
q=u,d,s
f
(p,n)
Tq
fq
mq
+
2
27
1− ∑
q=u,d,s
f
(p,n)
Tq
 ∑
q=c,b,t
fq
mq
.
(73)
We take, f(u,d) = (y(u,d)h1)11 and fs,c,b,t = 0. The constants
f
(p)
Tu
, f
(p)
Td
, f
(n)
Tu
and f
(n)
Td
are taken to have the values 0.020,
0.041, 0.0189, and 0.0451, respectively [147–149].
Fig. 6 shows the allowed values of n2 masses for mh1 =
O(100 − 200) MeV to generate the MiniBooNE events given
the couplings : (ynh1)22 = 4.5 × 10−4, (yuh1)11 = 3 × 10−4
and (ydh1)11 = 3× 10−4. This is consistent with the neutrino
masses and mixing in our model as shown in Table. I.
0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
0.1
0.2
0.3
0.4
0.5
0.6
mh1 (GeV)
m
n 2
(GeV
)
FIG. 6: The shaded region is the allowed parame-
ter space in the (mh1 ,mn2) plane which gives the de-
sired numbers of total events. We take the couplings:
(ynh1)22 = 4.5 × 10−4, (yuh1)11 = 3 × 10−4 and
(ydh1)11 = 3× 10−4.
We choose one typical benchmark point mn2 =
420 MeV and mh1 = 140 MeV to show the scattering cross-
section as a function of the incoming neutrino energy in Fig. 7.
Note, the cross-section is small at the relevant incoming neu-
trino energy, Eνµ = 20 GeV [150] of the CHARM-II exper-
iment [151–153], therefore gives no excess events [133]. We
also verify that our model-dependent part fmodel is consistent
with other dark gauge bosons [140, 145] or dark scalar mod-
els [133]. We show the estimated number of excess events for
a few benchmark points in Table VI.
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FIG. 7: The line shows the cross section as a function
of the incoming neutrino energy for the BP: mn2 =
420 MeV, mh1 = 140 MeV, (ynh1)22 = 4.5 × 10−4,
(yuh1)11 = 3× 10−4, and (ydh1)11 = 3× 10−4.
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IX. DISCUSSIONS
We have considered a general framework of the scalar
singlet-doublet extension of the SM scalar sector and added
three sterile neutrinos. We have generated a very interesting
physical particle mass spectrum which has rich phenomeno-
logical consequences. In particular, the particles that play
central role in our analysis are: one light scalar with mass
mh1 ∼ O(100 − 200) MeV, the lightest sterile neutrino with
mass mn1 ∼ O(1 − 10) keV and the next-to-lightest sterile
neutrino with mass mn2 ∼ O(400) MeV. The lightest sterile
neutrino n1 can be a viable DM candidate. n1 with a mass
of 7 keV can explain the 3.5 keV line in the X-ray search. We
have shown that one can get tiny neutrino mass and DM relic
abundance in this model as well.
The main focus of the work was to address a few of the
recent experimental puzzles: anomalous magnetic moments
of both muon and electron; KOTO anomalous events and
excess events found in the MinibooNE neutrino experiment.
The tree-level flavor violating couplings of the light scalar to
the leptons enable us to explain the (g− 2)µ,e using one-loop
diagrams. And the flavor violation in the quark sector al-
lows the Kaon to decay at tree level. All the flavor violations
associated with the scalars in this model appear at the tree
level. The MinibooNE, on the other hand, requires the pro-
duction of heavy sterile neutrino from the light scalar medi-
ated neutrino-nucleus scattering. Note, the tree-level FCNC
of the light scalar and the decay of the light scalar to electron-
positron pair and a pair of lightest sterile neutrinos connect
all three puzzles.
TABLE V: Three BPs are shown, for which we cal-
culate the different observables quantities, and can ac-
count for three anomalies.
Parameters BP1 BP2 BP3
mh1(MeV) 130 140 150
mn1(keV) 2 3 2
mn2(MeV) 420 435 460
(yeh1)22 5× 10−4 4.75× 10−4 5.5× 10−4
(yeh1)13 −3.5× 10−4 −6× 10−4 −6.8× 10−4
(yeh1)31 6.8× 10−4 4× 10−4 3.5× 10−4
(ydh1)21 3× 10−13 3.5× 10−13 4× 10−13
We showed that the parameter space found in Sec. III-
V can explain these anomalies simultaneously. We found
that the light scalar mass is tightly constrained for the ex-
planation of the KOTO anomaly which emerges in a large
region in the allowed parameter space. We chose three BPs
in the allowed region of the parameter space and summarize
them in Table V. For all these BPs, we fix the coupling con-
stants: (ynnh1)11 = 7× 10−5, (yeh1)11 = 1× 10−5, (ynh1)22 =
4.5×10−4, (yuh1)11 = 3×10−4, and (ydh1)11 = 3×10−4. We
summarize the observables in Table VI. These BPs can also
explain neutrino masses and mixing angles.
The light scalar model we presented in this paper appears
to be quite effective in explaining the DM content, neutrino
masses, and various anomalies. This model would be inves-
tigated as we obtain more results on these anomalies from
KOTO, (g−2)µ,e, MicroBooNE etc. along with various ongo-
ing and upcoming experiments, e.g., NA64µ,e; FASER, SHiP,
Fermilab µ-beam etc. and various lepton flavor violating rare
TABLE VI: The observables corresponding to the
three BPs.
Observables BP1 BP2 BP3
Ωn1h
2 0.1 0.1 0.1
∆aµ × 10−9 2.67 2.27 2.86
∆ae × 10−13 −8.43 −8.50 −8.43
Br(K0L → pi0n1n¯1)× 10−9 1.42 1.91 2.47
Br(K0L → pi0e+e−)× 10−11 5.81 7.82 1.01
Nevent (ν + ν¯) 468.5 419.5 468.5
decays.
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Appendix A: Higgs Basis Transformation
We consider two complex scalar doubletH1,2 and one scalar
singlet HS singlet with the following quantum numbers under
SU(2)L × U(1)Y gauge symmetry
H1 ∼ (2, 1/2), H2 ∼ (2, 1/2), HS ∼ (1, 0) . (A1)
The most general charge conserving vev’s are
〈H1〉 =
(
0
v1√
2
)
, 〈H2〉 =
(
0
v2√
2
)
, 〈HS〉 = v3√
2
. (A2)
We redefine the Higgs fields by rotating via a Unitary ma-
trix U in such a way that only one scalar doublet will develop
a non-zero vev. The new Higgs fields can be written as
φa =
∑
b
UabHb , (A3)
where, a, b = 1, 2 and S. The Unitary matrix U is given as
U =
 v1v v2v v3v− v2
v
v1
v
0
− v3
v
0 v1
v
 . (A4)
It is easy to see that the vev’s of the new Higgs fields are given
by
〈φ1〉 =
(
0
v√
2
)
, 〈φ1〉 = 0, 〈φS〉 = 0 , (A5)
where v =
(
v21 + v
2
2 + v
2
3
)1/2
. Therefore, only one doublet will
control the spontaneous electroweak gauge symmetry break-
ing and the generation of the SM fermion masses.
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Appendix B: Numerical Calculation of Scalar
Spectrum
Some details about the numerical analysis of Sec. V is given
here. Given the benchmark values of the parameters in Ta-
ble II, one can follow Eqs. 7-20 to calculate the mixing of the
scalar interaction states and the masses of the physical scalars.
The summary of the masses is given in Table III. In particular,
the physical neutral scalars are given by hi = (U
−1
R )ijρj :
h2 = 0.056 ρ1 + 0.995 ρ2 + 0.081 ρ3 ,
h = 0.997 ρ1 − 0.053 ρ2 − 0.035 ρ3 ,
h1 = 0.030 ρ1 − 0.083 ρ2 + 0.996 ρ3 . (B1)
Eq. B1 tells us that the heavy scalar h2 mostly comes from
the second doublet φ2, while the SM Higgs is associated with
the doublet φ1. The light scalar h1 mostly comes from the
singlet. These mixing elements also enter into Eq. 39. The
mixing angle between the pseudoscalars are α = 5.44
◦
and
the physical states are given by
s1 = 0.995 η2 − 0.094 ηS ,
s2 = 0.094 η2 + 0.995 ηS . (B2)
The physical scalars s1 and s2 are mostly associated with the
doublet φ2 and φS , respectively.
Appendix C: Calculation of ei → ejγ
The most general expression for the branching fraction of
the process ei → ejγ for a light scalar mediator of Fig. 1 is
given by
Br(ei → ejγ) = Γ(ei → ejγ)
Γ(ei → ej ν¯jνi)
=
3α
8piG2Fm
2
ei
(
1− m
2
ej
m2ei
)
[(yeh1)ik(yeh1)kj ]
2
× I1(mei ,mej ,mek ,mh1)
I2(m2ej/m
2
ei)
, (C1)
where the lepton ek runs inside the loop. The function
I1(mei ,mej ,mek ,mh1) comes from the partial decay width
Γ(ei → ejγ) whereas I2(m2ej/m2ei) comes from Γ(ei → ej ν¯jνi)
. The definitions of the functions I1 and I2 respectively are
I1(mei ,mej ,mek ,mh1) =
∫ 1
0
dz
∫ 1−z
0
dy
× yz(mej −mei)− (z − 1)(zmei +mek )
z(y + z − 1)m2ei − yzm2ej + (1− z)m2ek + zm2h1
,
I2
(
m2ej
m2ei
)
= 1− 8m
2
ej
m2ei
+ 8
m6ej
m6ei
− m
8
ej
m8ei
+ 12
m4ej
m4ei
ln
(
m2ei
m2ej
)
. (C2)
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